Polyclonal activation of murine B cells with bacterial lipopolysaccharide (LPS) and dextran sulfate (DxS) results in cell proliferation as well as increased immunoglobulin gene transcription and antibody secretion.
When added to B cell cultures during mitogen activation, anti-u antibody suppresses the rate of proliferation and immunoglobulin gene expression. Using this model system we show that co-cultures of B cells with LPS/DxS and anti-/i resulted in a decrease of both ^ and K chain mRNA. Suppression did not prevent B cell entry into cycle nor a significant alteration in the distribution of cells in phases of cell cycle, although it did prolong the cycle transit time in a dose dependent fashion as determined by bromodeoxyuridine pulse labelling. Analysis of B cell specific nuclear binding factors, which previously have been shown to be important in regulating immunoglobulin gene transcription were examined. Results show that the kappa-specifIC enhancer binding activity of NF-«B was induced in activated as well as suppressed cultures. The lymphoid specific factor NF-A2. which recognizes the octamer sequence motif in the promoters of immunoglobulin genes, was induced by the polyclonal activation but was selectively lost in extracts from suppressed cells. Thus, specific regulation of the nuclear factor which plays a critical role in both heavy and light chain immunoglobulin gene expression may contribute to the transcriptional suppression observed in anti-;j treated B cells. antibodies via the Fc receptor on B cells (8) (9) (10) (11) (12) (13) (14) (15) . It has been speculated that anti-immunoglobulin suppression may be representative of physiologic mechanisms wherein antigen activated B cells are prevented from terminal differentiation to plasma cells, return to quiescence, and subsequently turn into memory cells (7) . Anti-p suppressed splenic B cell cultures have decreased steady-state levels of mRNA coding for K and n immunoglobulin molecules. It appears the anti-M inhibition is selective for a restricted group of mRNA's, since the message levels coding for other proteins like actin and MHC class I and II molecules are unaffected (6, 16 ). More recently, it has been demonstrated that the suppression directly affects transcriptional control of iamunoglobulin genes (17) .
Both heavy and light chain immunoglobulin genes contain regulatory elements responsible for modulating expression in a tissue-specific fashion: the 5' upstream promoter elements and the enhancer located within the JC intron (18) (19) (20) (21) (22) (23) (24) . The same octanucleotide sequence motif is present in heavy and light chain promoter elements, as well as the heavy chain intron enhancer (19, (25) (26) (27) (28) . This element is important in the tissue specific and developmental stage of immunoglobulin gene expression. Two nuclear factors, designated NF-A1 and NF-A2, have been shown to bind the octanucleotide sequence (29, 30) . Only NF-A2 shows lymphoid specificity, and has been shown to be an important mediator of tissue specific promoter activity of both heavy chain and light chain genes, as well as enhancer activity of the heavy chain gene. Within the K enhancer, one sequence motif which appears essential for enhancer function is identical to the 11 bp SV-40 core enhancer sequence, and a specific factor whose binding correlates with K expression has been identified and designated NF-*B (31) (32) (33) . This factor has been demonstrated in mature B cell extracts and shown to be inducible by LPS in the pre-B cell line, 70Z/3 as well as normal B lymphocytes (34) . In this study we have examined the effects of anti-/i suppression on LPS/DxS activated splenic B cells as assessed by immunoglobulin mRNA production, entry into cell cycle, and cell cycle transit time. To-gain some insight into the role of specific nuclear factors when B cells are affected by regulatory signals which can specifically modulate immunoglobulin gene expression, the relative levels of nuclear factors obtained from activated and anti-fi suppressed splenic B cells were examined.
HATERIALS AND METHODS

Animals
Virus free BALB/c mice were obtained under NCI contract through the Veteran's Administration. Animals were used at 8 to 12 weeks of age and were monitored for Sendai and MHV titers prior use.
Preparation of cells and culture conditions
Single cell suspensions of spleens were made by gently pressing tissue fragments through 40 mesh screens. Cell preparations were prepared in RPMI 1640 supplemented with 10% fetal calf serum (RPMI-FCS). Red blood cells were lysed by incubation in HEPES buffered ammonium chloride. Following erythrocyte lysis, cells were washed twice with RPMI-FCS. After washing, spleen cell populations were enriched for B lymphocytes by panning on tissue culture flasks in Tris buffered hanks containing 3% BSA as previously described (35) . Cell populations were greater than 95% surface immunoglobulin positive after this procedure as determined by flow cytometric analysis and less than 3% of the cells had exited Go as determined by acridine orange staining (36, 37) cells/ml, then stained immediately or recultured as before prior to staining at 6 hour intervals. Cells were stained with fluorescein conjugated B44 antiBrdU monoclonal antibody following the protocol provided by Becton-Dickensen. Cells were counter stained with propidium iodide and analyzed using the FACS. Gated analysis of dual parameter histograms of red versus green fluorescence was performed as described by Sasaki, et al. (38) . Cyclical curves of labelling index versus time were used to calculate approximate cell cycle time as described in the text. Northern blot analysis.
Total RNA was prepared by cell lysis with 0.5% NP-40 in Tris, NaCl, EDTA buffer (lOmM, 850mM, and 50mM respectively) followed by phenol:chloroform extraction and ethanol precipitation as previously described (39) . Five micrograms of RNA were glyoxylated (40) and separated on 0.8% agarose using lOmM phosphate buffer. The gel was washed in 50mM NaOH containing lug/ml ethidium bromide for 30 minutes followed by two 10-minute washes in 0.2M sodium acetate, transferred to Gene Screen Plus membranes by capillary transfer, allowed to air dry and then prehybridized with 50% formamide, 1% SDS, 1M NaCl, 10% dextran sulfate, and 100 Mg/nl denatured herring sperm DNA. Blots were probed with u specific (PMK1,41) and K specific (pECK,42) nick translated cDNA probes overnight in the buffer described above. After washing the blot in 2X SSC-0.1% SDS, hybridization was detected by overnight exposure to XAR-5 film using intensifying screens at -70°C.
Nuclear Extracts and DNA-protein binding assays. Nuclear extracts were prepared as described by Digman, et al (43) .
All buffers contained 100 /iM phenylmethylsulfonyl fluoride (PMSF), 0.5 /ig/ml leupeptin and 0.01 ^M pepstatin to inhibit proteases. Protein concentrations were determined as described by Lowry (44) . Nuclear binding factors were analyzed by their altered mobility on acrylamide gels as previously described (34) . Double stranded oligonucleotides used included a 34 bp sequence containing the NF-KB binding site (34, sense strand: 5'-TCTCAACAGAGGGGACTTTCCGAGAGCCATCTGG-3') and a 27 bp duplex containing the octamer sequence motif in the context of the 70Z/3 kappa promoter sequence (25, .9
a Cells were stained with acridine orange and analyzed using two color fluorescence by flow cytometry.
recovery, from parallel bulk cultures. Data from a representative of over ten experiments are shown in Table I . Anti-ji treated co-cultured resulted in a dose dependent decrease in both proliferation and actual cell recovery.
Although thymidine incorporation is a useful measure of cell proliferation, it really reflects rates of de novo DNA synthesis, and does not address whether cells are capable of progressing through cell cycle. The cell cycle distribution of the LPS/DXS activated cultures with or without anti-/i was determined by staining the cells with acridine orange followed by flow cytometric cell cycle analysis. Monomeric acridine orange binds double-stranded native DNA and fluoresces green, whereas polymeric acridine orange binds single-stranded RNA and fluoresces red. Determination of red and green fluorescence in single cells by flow cytometric analysis permits categorization of cells into Go, G lr S, and G2+M phases of cell cycle. As can be seen in Table II , contrary to the thymidine incorporation data, we did not observe a dose dependent decrease in the number of cells in cycle nor a retention of cells in any particular phase of cycle in any of three experiments. However, as seen in Table I , the actual number of cells recovered from bulk cultures of anti-/j treated cells was consistently lowered in a dose dependent manner. These results could be due to an increase in cell cycle transit time as the result of anti-/i treatment. Therefore, we decided to evaluate cell cycle kinetics by bromodeoxyuridine (BrdU) pulse labelling and staining of the DNA with the B44 monoclonal antibody directed against BrdU. B cells plus LPS/DXS alone or with either 5 /jg/ml or 10 ^g/ml anti-ji were cultured for two days, washed once, incubated with 10 /J4 BrdU for one hour and then stained immediately or recultured with mitogen per the initial culture conditions for an additional 24-36 hours. Cells were stained with anti-BrdU, counter stained with propidium iodine to stain total DNA, and analyzed for two color fluorescence. BrdU pulsing results in the uptake of this thymidine analog by cells which are in S phase at the time of pulsing. The uptake can be directly determined based upon staining with the FITC conjugated monoclonal antibody against BrdU. A labelling index was calculated from dual parameter histograms based upon gated analysis. A gate was set around the cells which were positive for BrdU content but were also within the subpopulation of cells which contained 2X DNA. A second gate was set around all cells which contained 2X DNA and includes Parallel bulk cultures to proliferation assays were established for preparation of mRNA to determine the steady state levels of immunoglobulin transcripts. Northern blot analysis of mRNA from 72 hour cultures demonstrates that the anti-ji treatment caused a dose dependent loss of both K. and n mRNA ( Figure  2 ). These results were consistent in over 5 experiments, and is in agreement with the suppressive effects on immunoglobulin gene expression seen by others (4-15). Thus, anti-p treatment has a significant inhibitory effect on immunoglobulin expression, and was not due to cell death since the cells remain viable and in cycle; and as previously reported, without a marked effect on other gene expression (6,16).
TTirnuinoglobulin-specific Nuclear Binding Factors in Anti-u Suppressed B cells.
We have previously shown the induction of NF-KB binding to the K enhancer sequence in extracts derived from LPS/DxS activated normal splenic B cells (34) . The nuclear factor which is specifically induced in lymphoid cells to bind the octamer sequence motif, NF-A2, is also inducible in splenic B cells (see Figure 3 and 28) . Therefore, we wanted to evaluate if the induction of these factor binding activities was affected by anti-^i suppression of the B cell activation. Enriched splenic B cells were cultured with LPS/DxS alone or with 10 jig/ml of goat anti-jj. Cells were harvested at 72 hours and used to prepare nuclear extracts. To check for the transcriptional effects described above, an aliquot was also used for mRNA analysis. Three days after initiation of culture, total RNA was prepared, 5 /ig RNA from each culture was glyoxala^ed (equal loading of RNA was confirmed by ethidium bromiae staining) and separated by agarose electrophoresis, transferred to Gene Screen, and probed for p and * mRNA using nick translated cDNA probes. The upper band in the kappa RNA blot represents non-specific binding to the 28S rRNA band due use of intact plasmid for probing.
Northern blot analysis showed a significant decrease in mRNA for both 11 and K. in the anti-/i treated cells, as expected (not shown). Nuclear DNA binding factors were assayed by the electrophoretic mobility shift assay using end labelled double stranded oUgonucleotides containing the recognition sequence of NF-KB or NF-A2 (see Methods). Equal amounts of protein from each extract were assayed. We have confirmed the specificity of factor binding to oligonucleotides by both unlabelled competitor binding and footprinting experiments (data not shown). As seen in Figure 3 , nuclear extracts from fresh resting B cells did not demonstrate any detectable binding with the NF-*B specific oligonucleotide sequence; whereas LPS/DxS treated cells demonstrated significant binding activity. The lower shifted band is variably present in extracts of high protein concentration, and has been noted elsewhere (33, 34) . Nuclear extract from the i-p treated cells also contained significant binding activity, although we reproducibly noted a minor loss of activity. Thus, nuclear extracts from suppressed B cell cultures retain a significant NF-KB binding activity.
The octanucleotide specific binding factors (NF-A1 and NF-A2) were determined using a double stranded oligonucleotide containing the octamer sequence motif within the context of the 70Z/3 cell line K gene promoter. The results demonstrate little binding activity to the octamer sequence in resting, unstimulated B cells. In both stimulated and suppressed B cell cultures, the ubiquitous octanucleotide binding factor (NF-A1) was present at comparable levels. Little NF-A1 binding activity was observed in resting, unstimulated B cells. We cannot rule out possible degradation of extracts from these cells to account for lack of NF-A1 binding activity. However, we favor an alternative explanation in that these cells are transcriptionally quiescent as assessed by acridine orange staining. Therefore, minimal amounts of NF-A1 would be detectable in comparison to transcriptionally active stimulated cells. However, a significant loss in the lymphoid-specific NF-A2 binding activity was consistently observed (three separate experiments) in the suppressed culture. Thus, the decreased binding activity observed for NF-A2 appears to be quite selective. The intermediate band has been observed previously (45) and does not appear to be affected by anti-ji co-culture. As another control, we examined the effects of the suppression on an additional factor binding activity we have characterized, designated NF-PB, as an AP-1 consensus sequence located 200 bp 5' of the K. octamer sequence (A.M. and B.V.H., in preparation). Suppression has no effect on the binding activity of this factor, thus providing an additional control for equal loading and integrity of the two extracts.
The absence of detectable NF-A2 binding activity in suppressed extracts could reflect either inhibition of the factor induction, specific proteolysis of NF-A2, the presence of an inhibitor molecule which displaces or prevents NF-A2 binding, or a specific covalent modification of the factor. To evaluate sone of these possibilities, nuclear extracts from activated cells were mixed with extracts from anti-/i suppressed cells, incubated for 30 min, and then assayed by the mobility shift assay (Figure 4) . Lane 1 represents the binding of LPS/DxS activated cell extracts to the octanucleotide sequence, and lane 2 the binding of anti-/i treated extracts. In lanes 3-6 binding reactions contained 10 pq suppressed extract incubated with increasing amounts of activated extracts. There does not appear to be any effect of the extract from suppressed cells on the binding activity of extracts from the activated cells. Therefore, these in vitro results suggest the decreased binding of NF-A2 in suppressed extracts is not due to a proteolytic activity or an inhibitory factor, but rather is likely due to a lack of NF-A2 induction. That NF-A2 requires the induction of new protein synthesiu in activated cells (as opposed to modification of a preexisting factor) is supported by the fact that the acti- 
DISCUSSION
When anti-u antibody is included in the culture of LPS activated B lymphocytes, proliferation has been shown to be affected to a variable extent (4-15, and this study). The diversity of proliferative response to anti-u antibody is not entirely understood; however, there seems to be a correlation between the proliferative effects and the source of antibody used. Results from several laboratories indicate that the reduced proliferation seen by anti-u treatment of activated B cells is related to the non-variable, Fc portion of the antibody molecule (8) (9) (10) (11) (12) (13) (14) (15) .
Relevant to this conclusion is that the inclusion of only the F(ab') 2 portion of the antibody along with LPS in B cell cultures has little effect on proliferation (7, 12) . Thus, it is likely that the reduction in proliferation is mediated by the simultaneous binding of antibody molecules to the cell surface immunoglobulin and Fc receptors. We have not attempted to resolve this issue in the current study.
In order to determine if the suppression of immunoglobulin expression was germane to the maturation process, it was necessary to establish that the B cells were able to traverse the cell cycle and proliferate in the culture conditions used. Flow cytometric analysis of suppressed and activated B cell cultures indicated that both populations had a similar distribution for each phase of the cell cycle. This is important to eliminate the possibility that the anti-^ suppressive effect is the result of preventing a large percentage of cells from exiting G o and progressing through cycle. Also, the fact that these cells entered cycle precludes any toxic or lethal effects as the result of anti-M co-culture. The BrdU pulse experiment demonstrates the capacity of suppressed cells to replicate; albeit with a longer transit time through the cycle. Since B cells stimulated by LPS can continue to differentiate, even when proliferation is not sustained at a high rate (39) , it is likely that the anti-ji suppression mechanism is not the result of limiting rounds of replication.
Splenic B cells, as well as pre-B cell lines such as the 70Z/3 line, respond to activation with LPS treatment, inducing both NF-KB binding activity and expression of K (34) . There is strong evidence that the activation of the K enhancer is mediated by the induction of NF-KB binding to the 11 bp core enhancer sequence (33, 34) . We have observed that significant NF-KB binding activity can be detected even in the nuclear extracts from anti-/i suppressed B cells, which indicates that the signal responsible for « gene activation has been delivered. We have also observed the specific inhibition of a transcription factor crucial for the expression of immunoglobulin genes, NF-A2. it is noteworthy that the only critical regulatory element shared by both the heavy and light chain immunoglobulin genes is the octanucleotide located in the promoter of both, and the enhancer of the heavy chain. If, as our data suggests, NF-A2 activity is lost, the promoter activity will be depressed or even abrogated with the loss of a synergistic effect with the corresponding enhancer.
The absence of NF-A2 binding activity may reflect a transcriptional block in its expression since we and others (29) have observed that NF-A2 induction is cyclohexamide sensitive. This is in contrast with NF-KB, whose binding activity is not cyclohexamide sensitive (33) but rather appears to require modification of a pre-existing inhibitory factor (IKB) to activate its transport to the nucleus, and subsequent DNA binding (46) . Because mixing suppressed and activated extract did not significantly diminish NF-A2 binding (Figure 4) , it seems more likely that the anti-^ suppressive effect is blocking the induction of NF-A2 synthesis. An alternative explanation may be that there exists an inhibitory molecule for NF-A2 such as has been shown to regulate NF-KB. Flahart and Lawton (47) have demonstrated that the induction of suppression can be prevented by the inclusion of inhibitors of RNA and protein synthesis during the first 24 hours of culture with anti-j*. This implies the existence of an inducible suppressor, as the result of anti-^ co-culture, that could act on the regulatory DNA sequences of immunoglobulin genes or inhibit binding of proteins such as NF-A2. We have observed, as did Chen-Bettecken et al (7) , that mRNA suppression was still evident when the anti-^ was added as late as 24 hours after the initiation of culture. This could be interpreted to support the observations of Flahart and Lawton (47) as to the induction of a suppressor molecule. However, when we mixed extracts from LPS/DxS alone cultures with those also receiving anti-/i, we could not detect any proteolytic effects on NF-A2 nor any inhibitory molecules which would displace or otherwise prevent NF-A2 binding. In any event, the data presented here place NF-A2 in a pivotal role in the regulation of transcription. Final interpretation of this data will require direct analysis of mRNA for NF-A2, and these studies are currently being undertaken.
A current hypothesis proposes that at some stage in B cell development, immunoglobulin enhancers become dispensable. Atchison and Perry (48) suggested that developmental changes in chromatin structure and/or methylation of immunoglobulin loci may be ultimately responsible for rendering the enhancer dispensable. It is tempting to speculate that the NF-A2 induction nay be essential to establish and maintain transcription in mature B cells. Thus NF-A2 binding represents a central controlling element which can exert its effects on both heavy and light chain genes, which share the need for its binding to maintain maximum expression. Results presented here would suggest it plays an important role in immunoglobulin gene expression associated with B cell differentiation. Our results also demonstrate that while NF-KB binding activity may be necessary for gene expression at early stages of differentiation, it is by itself not sufficient to maintain high levels of immunoglobulin gene expression.
The data presented here can explain the loss of immunoglobulin specific mRNA expression in anti-^ suppressed B cells. The suppression is specific for immunoglobulin gene loci since neither class I and class II HHC genes nor actin gene mRNAs are suppressed (6, 16) . The point of regulation would appear to be at the transcriptional level since in nuclear run-on assays performed by Yuan (17) , the transcriptional rate of the » gene returned to basal levels in anti-/i treated cells. In a similar model of anti-^ suppression, Chen-Bettecken, et al (7) used an F(ab')2 anti-p antibody and concluded that early loss of secreted y. levels was a post-transcriptional event. Our data does not rule out this possibility, but suggests there may be additional factors involved in the /i chain transcriptional regulation. Alternatively, the use of intact anti-/i may deliver either a stronger suppressive signal or additional signals mediated by Fc receptor binding. A direct comparison of these two systems may be required to evaluate the importance of these two regulatory events.
